Heteroduplex DNA lacking d(GATC) methylation is subject to mismatch-provoked double-strand cleavage at d(GATC) sites in a reaction dependent on MutH, MutL, MutS, and ATP. We have exploited this reaction to develop a method for removal of polymerase-produced mutant sequences that arise during sequence amplification by PCR. After denaturation and reannealing, the PCR product pool is subjected to MutH, MutL, and MutS mismatch repair proteins under double-strand cleavage conditions, followed by isolation of uncleaved product by size selection. Use of an Escherichia coli lac forward mutation assay has shown that this procedure reduces the incidence of polymerase-induced mutant sequences by an order of magnitude. Twenty mutants that originated from three independent PCR amplification reactions and survived MutHLS treatment all were found to contain an infrequently occurring A⅐T 3 T⅐A transversion mutation at a unique position within the product. By contrast, the majority of mutations in untreated PCR products were transitions occurring throughout the amplified region, although frameshifts and transversions also were observed. The MutHLS method thus can be used to effectively remove the majority of mutant sequences produced by polymerase errors during PCR amplification.
PCR amplification of DNA sequences with thermostable DNA polymerases (1, 2) has had a profound impact on molecular biology and genetics. One shortcoming of the PCR method is the production of mutant sequences that result from misincorporation by the DNA polymerase used for amplification (3) (4) (5) (6) . The frequency of polymerase errors during PCR can be estimated from equations 1 and 6 of Luria and Delbrück (7) as f ϭ 2 lna where f is the expected fraction of product molecules that contain a mutation somewhere in their sequence, l is the length of the amplified sequence in base pairs, n is the number of cycles, and a is the error rate for the polymerase expressed per nucleotide incorporated. Because the error rate for Taq DNA polymerase is about 10 Ϫ5 (5, 6), the expected mutant frequency after 20 template doublings of a 1,000-bp sequence is about 40%. This problem is obviated to some extent with Vent and Pfu polymerases, which in contrast to Taq possess editing exonuclease activity and have error rates of about 10 Ϫ6 (5, 6). However, inasmuch as the mutant frequency is a linear function of the size of the DNA segment, mutations produced by the latter polymerases become a problem when larger sequences are amplified. The significance of polymerase errors for PCR applications in genetic diagnostics and cDNA cloning has been documented in the literature (8) (9) (10) .
Because increased genetic integrity of amplification products should enhance the utility of PCR, we have developed a method, based on use of bacterial mismatch repair proteins, for removal of polymerase-produced mutant sequences from amplified product pools. Initiation of Escherichia coli methyldirected mismatch repair occurs via the mismatch-provoked, MutS-, MutL-, and ATP-dependent activation of a MutHassociated endonuclease that incises the helix at unmethylated d(GATC) sequences (11) . Although the natural substrate for activated MutH is a hemimethylated d(GATC) site, unmethylated d(GATC) sequences are subject to cleavage on both strands when reactions are allowed to progress for extended periods of time (11) . We show here that the mismatchprovoked, double-strand cleavage reaction coupled with a size selection step can be used to effectively remove most mutant sequences from PCR products.
MATERIALS AND METHODS
PCR Amplification. A 1,611-bp sequence spanning M13 mp18 lacZ␣ sequences of interest (12) was amplified in reactions (100 l) containing 10 mM Tris⅐HCl at pH 8.3, 50 mM KCl, 2 mM MgCl 2 , 200 M each dNTP (Pharmacia), 100 pmol of each primer, 5 g of T4 gene 32 protein (Boehringer Mannheim), 50 ng of template DNA (M13 mp18), and 2.5 units of AmpliTaq DNA polymerase (Perkin-Elmer). PCR primers (Oligos Etc., Guilford, CT) were d(TTATACGTGCTCGT-CAAAGCA) and d(AATGCCTGAGTAATGTGTAGG) corresponding to M13 mp18 nucleotides 5458-5478 and 7048-7069, respectively (Fig. 1) . Thirty-cycle amplification used a Perkin-Elmer Gene Amp 9600 thermocycler with incubations at 94°C for 15 sec, 60°C for 15 sec, and 72°C for 1 min. Products were denatured and reannealed immediately after amplification by heating to 95°C for 1 min and incubation at 65°C for 60 min followed by incubation at 37°C for 30 min. EDTA was added to 20 mM, reactions extracted with phenol, and the PCR product purified by binding to a silica matrix spin column (Pierce Xtreme DNA purification columns) and elution with distilled H 2 O. Product DNA was quantitated by an ethidium bromide fluorescence dot method as follows: samples (2.0 l of an appropriate dilution) were added to 8 l of 1 g͞ml ethidium bromide and spotted onto plastic wrap. UV-induced fluorescence was measured using a photometric grade cooled charge-coupled device imager (Photometrics, Tucson, AZ), and concentrations of PCR products determined by comparison to the fluorescence of DNA samples of known concentration. PCR product yield ranged from 4.3 to 7.3 g (n ϭ 12), corresponding to 8.6 to 9.4 template doublings.
MutHLS Reactions. Reactions (50 l total) were assembled as follows: 20 l of 125 mM Hepes, pH 8.0͞50 mM KCl͞2.5 mM DTT͞125 g/ml BSA͞5 mM ATP͞10 mM MgCl 2 , and 1 g of denatured and reannealed PCR DNA were preincubated at 37°C for 8 min. Reactions were initiated by adding 30 l of a premixed solution of 5 g of MutS (13), 12 g of MutL (14),
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© 1997 by The National Academy of Sciences 0027-8424͞97͞946847-4$2.00͞0 ‡ To whom reprint requests should be addressed. and 18 ng of MutH (15) in 20 mM potassium phosphate, pH 7.4͞50 mM KCl͞0.1 mM EDTA͞1 mM DTT͞1 mg/ml BSA. After incubation for 45 min at 37°C, reactions were supplemented with an additional 30 l of a premixed solution of MutS, MutL, and MutH as described above, as well as 3 l of a solution containing 500 mM Hepes at pH 8.0, 200 mM KCl, 10 mM DTT, 20 mM ATP, and 40 mM MgCl 2 , and incubation continued at 37°C for 45 min. A second MutHLS͞buffer supplementation was performed in an identical manner, and after a third 45-min incubation, reactions were terminated by addition of EDTA to 10 mM and extraction with phenol, followed by extraction with ether. DNA was concentrated and purified by binding to a QIAquick spin column (Qiagen) and elution with distilled H 2 O. Concentration was determined as described above.
Experiments with model heteroduplexes, as well as PCRamplified samples, demonstrated that a single MutHLS treatment was not sufficient to cleave all the mismatch-containing molecules. The multiple-treatment protocol summarized above is necessary to drive the reaction to completion.
Forward Mutation Assay. Untreated or MutHLS-treated PCR products were digested for 2 hr at 37°C with 10 units of DraIII (Amersham) and 4 units of BglII (New England Biolabs) in 20-l reactions containing 1 g of DNA, 100 mM NaCl, 50 mM Tris⅐HCl (pH 7.5), 10 mM MgCl 2 , 1 mM DTT, and 100 g͞ml BSA. After termination of hydrolysis by addition of EDTA to 10 mM, DNA products were collected by ethanol precipitation and subjected to electrophoresis through 1% agarose in 40 mM Tris-acetate͞1 mM EDTA (final pH 7.5). The DNA species corresponding to the full-length DraIII͞BglII fragment was recovered using a Gene Clean Kit (Bio 101) according to recommendations of the manufacturer, and quantitated using the ethidium bromide dot method described above. Recovery of full-length fragment after MutHLS and DraIII͞BglII cleavage ranged from about 20% to 50%. The gel-purified fragment was ligated to the larger DraIII͞BglII fragment of M13 mp18 (Fig. 1) , which was prepared by endonucleolytic digestion and removal of the smaller fragment by agarose gel electrophoresis. Reactions (20 l) contained 50 ng of gel-purified PCR DNA, 50 ng of M13 mp18 derivative, 66 mM Tris⅐HCl (pH 7.6), 6.6 mM MgCl 2 , 10 mM DTT, 66 M ATP, and 0.5 Weiss unit of T4 DNA ligase (Amersham). Incubation was at 16°C for 12-16 hr.
Ligation products were transfected into XL2-Blue Ultracompetent Cells (Stratagene) according to recommendations of the manufacturer. A 10-l sample of the ligation reaction was added to 100 l of competent cells, and the mixture was incubated on ice for 30 min. After a 45-sec heat pulse at 42°C, the mixture was supplemented with 0.9 ml of prewarmed (42°C) SOB broth (20 g of Bacto-tryptone, 5 g of Bacto-yeast extract, and 0.5 g of NaCl). A 50-l sample of the transfection reaction was added to a tube at 49°C containing 4 ml of Luria-Bertani medium soft agar (10 g of Bacto-tryptone, 5 g of Bacto-yeast extract, 10 g of NaCl, and 7.5 g of agar per liter), 4 mg of X-Gal (5-bromo-4-chloro-3-indolyl ␤-D-galactoside, Amersham), and 800 g of IPTG (isopropyl thiogalactoside, Amersham). Two-hundred microliters of a log-phase culture of XL1-Blue (Stratagene) was added, and the soft agar mixture poured onto a Luria-Bertani medium plate. After incubation at 37°C for 12-16 hr, 3,000 to 12,000 plaques were scored according to color for wild-type (blue) or mutant (colorless or pale blue) ␤-galactosidase phenotype (16) . The frequency of plaques obtained when ligation was performed in the absence of PCR product was 0.3-0.6% of that observed in the presence of amplified DNA. Because all of these plaques were lacZ␣ ϩ , they presumably reflect trace presence of the smaller M13 mp18 DraIII͞BglII fragment (above and Fig. 1 ).
Sequence Analysis of Mutants. Phage stocks prepared from colorless and light-blue mutant plaques were used to make replicative-form DNA. After linearization with BglII, the sequence of the lac region of interest (16) was determined on both strands by dye terminator cycle sequencing using AmpliTaq DNA Polymerase (Perkin-Elmer). The primer used to determine the sequence of the viral strand was d(TAGAT-GGGCGCATCGTAACCG), while that for the complementary strand was d(AGGGCCAGGCGGTGAAGGGCA). Sequence determination used a Perkin-Elmer͞Applied Biosystems Model 377 DNA Sequencer.
RESULTS

Removal of Sequences Containing Mutations from PCR Product Pools by Treatment with MutHLS Proteins.
Random mutations resulting from polymerase errors during amplification will be converted to mismatched base pairs when a PCR product is denatured and reannealed. Because helices lacking d(GATC) modification are subject to MutH-, MutL-, and MutS-dependent, mismatch-provoked double-strand cleavage at d(GATC) sites (11), we reasoned that treatment of a denatured and reannealed PCR product with these proteins followed by size fractionation might permit removal of mutant sequences from an amplified product.
To test the efficiency of this approach, we have used a variation of the E. coli lac forward mutation assay developed to measure the fidelity of DNA polymerases (16) . This method is capable of scoring 241 substitution mutations at 125 positions and 199 frameshift mutations within the lacZ␣ regulatory and coding regions (positions 6109-6417 of M13 mp18). A segment of the M13 mp18 sequence (nucleotides 5458-7069) spanning the region of interest (Fig. 1) MutHLS-treated samples with DraIII and BglII, products corresponding to the full-length DraIII͞BglII fragment (Fig. 1) were isolated by gel electrophoresis and cloned into an M13 mp18 derivative from which the lac region had been removed. These molecules were tested for their activity in the lacZ␣ complementation assay (17) .
As summarized in Table 1 , the frequency lacZ␣ Ϫ mutations ranged from 3.1-3.7% for three independently amplified samples that were not treated with MutH, MutL, and MutS. Inasmuch as the genetic target in these experiments was 308 bp, including the multiple cloning site of the vector (12, 16) , and amplification was about nine template doublings (see Materials and Methods), these values correspond to a Taq polymerase error rate of 6 ϫ 10 Ϫ6 per nucleotide incorporated per cycle, ignoring the incidence of silent mutations. This value is in excellent agreement with previous determinations of the fidelity of the Taq enzyme (4-6). By contrast, the mutation frequency in MutHLS-treated samples derived from the same amplification reactions ranged from 0.3% to 0.4%, 10-fold lower than that observed with the untreated DNAs.
lacZ␣ Mutation Spectra for Untreated and MutHLSTreated DNAs. To clarify the reduction in mutant frequency resulting from MutHLS treatment, representative samples of lacZ␣ mutant phage were sequenced. This analysis (Table 2) showed the majority of mutations in phage prepared from untreated DNA samples to be transitions (13 of 18), although three frameshifts and two transversions were also identified, with one of the latter being in a phage that harbored a double mutation. These mutations were distributed throughout the lacZ␣ region. A dramatic difference was observed with mutant phage derived from MutHLS-treated DNA samples. Twenty of 20 mutants were found to contain the same A⅐T 3 T⅐A transversion mutation at position 6340. This mutation was also identified in one phage prepared from a DNA sample that was not treated with the Mut proteins (mutant 5 in Table 1 ). Because the background frequency of lacZ␣ mutant sequences in the M13 mp18 DNA preparation used as PCR substrate was about 5% of that observed in MutHLS-treated samples (Table  1) , we infer that this A⅐T 3 T⅐A transversion arose during amplification.
DISCUSSION
These experiments show that the mismatch-provoked MutHLS-double-strand cleavage reaction can be exploited to reduce the incidence of mutations in PCR products by an order of magnitude. Our results are consistent with previous studies of Taq DNA polymerase fidelity, which have shown that errors producing transition mutations are much more frequent than those that yield insertion͞deletions or transversions (2, 3, 10, (18) (19) (20) . The sequence results summarized in Table 2 indicate that the MutHLS reaction can be used to effectively remove transition mutations, and although the sample size is small, probably frameshifts and some transversions as well. This conclusion is consistent with the known mismatch specificity of the methyl-directed reaction deduced from in vivo and in vitro studies (reviewed in ref. 21 ). Thus, G-T, A-C, G-G, A-A, and small insertion͞deletion mispairs are usually well repaired. Individual T-T, T-C, and A-G mismatches are corrected with intermediate to low efficiency depending on sequence context, and C-C is not processed. Perhaps surprisingly, we did not observe any G⅐C 3 C⅐G transversions in the mutant DNAs sequenced. On the other hand, three independent samples of MutHLS-treated PCR products were dramatically enriched for a unique A⅐T 3 T⅐A transversion. We attribute this result to a sequence context effect.
Because they are more or less random, polymerase errors are without significant effect on DNA sequence results obtained with amplified samples. However, such errors can compromise genetic diagnostic methods based on mismatch detection with amplified DNA (8, 9) and render results obtained with cloned PCR products problematic (10) , with the severity of this problem increasing with DNA chain length and the number of doublings. By permitting removal of most mutant sequences generated during amplification, the method described here should prove useful in circumventing these difficulties. Three independently amplified samples were split, with one-half of each receiving MutH, MutL, and MutS treatment as described in Materials and Methods. After cleavage of untreated and MutHLStreated DNAs with DraIII and BglII, the full-length DraIII͞BglII product was isolated by gel electrophoresis and cloned into DraIII͞ BglII-cleaved M13mp18. The lacZ␣ complementation phenotype was scored by X-Gal (5-bromo-4-chloro-3-indolyl ␤-D-galactoside) color assay (17) . Values shown are not corrected for background lac mutations present in nonamplified DNA (0.02%). *Mutant frequency ϭ 100 ϫ [mutant plaques͞total plaques]. 
